HIV-1-derived vector ͉ integrase deficient ͉ stable transgene expression
HIV-1-derived vector ͉ integrase deficient ͉ stable transgene expression S ome of the viral vectors used for gene transfer integrate into the host cell chromatin, whereas others remain episomal. The most commonly used nonintegrative vectors are derived from adenoviruses (AdV), herpes virus (HSV) or adeno-associated virus (AAV). The integrative vectors in current use are derived from type C retroviruses, such as murine leukemia virus (MLV), or lentiviruses such as HIV.
Vectors derived from AdV and HSV have already proved to be efficient in many experimental models, but technical limitations make it extremely difficult to obtain vector stocks devoid of replication-competent particles. In general, the production systems for these vectors require helper viruses or genomes that cannot be totally eliminated from stocks, accounting for 0.01-1% of all of the viral particles present (1, 2) . Stocks may therefore be strongly immunogenic, thereby hindering their general use in clinical applications.
Lentivirus-derived vectors appear to be among the most promising alternatives: they can transport up to 8 kb of DNA of interest, they can be pseudotyped so that they present the chosen tropism (broad or specific), they transduce both dividing and nondividing cells, they are produced easily without the need for helper particles, and they are only weakly immunogenic (3, 4) . However, like all integrative systems, lentivirus-derived vectors present a risk of insertional mutagenesis, which also limits their clinical application. This risk was recently highlighted in an X-linked severe combined immunodeficiency ex vivo gene therapy trial based on a murine leukemia virus (MLV)-derived vector (5) . Several studies have since pointed out that integration is not totally random for MLV (6) and lentiviral vectors (6, 7), which preferentially integrate into or close to transcriptionally active genome sequences. Moreover, macrophage cancers have been associated with HIV integration in some AIDS patients (8) . Actually, AIDS has also been correlated with various types of cancer (9) . Recently, Themis et al. (10) have reported the oncogenic potential of equine infectious anemia virus (EIAV) lentiviral vectors after the transduction of fetal and neonatal tissues. These findings clearly demonstrate the need to find means to prevent deleterious effects of integration of lentiviral vectors.
Two strategies for reducing the risk of insertional mutagenesis could be considered: the integration process could be rendered site-specific, or novel nonintegrative vectors could be developed. The development of new nonintegrative vectors, for targeting nondividing cells or for transient transgene expression in cycling cells, is simpler and could take advantage of an interesting feature of lentivirus biology. These viruses are normally present in various forms in the nucleus of infected cells: as integrated proviruses and as nonintegrated linear molecules and circular molecules with one or two long terminal repeat (LTR) sequence (11) . Class 1 HIV integrase (IN) mutations prevent the IN reaction without disturbing other Gag-Pol functions, thereby favoring the circularization of the genome by host enzymes (12) . These circular genomes have been shown to be functional templates for transcription by host cell machinery (refs. 13-16; see ref. 17 for a review).
In this article, we investigate the efficiency of nonintegrative HIV vectors for expressing transgenes in vitro and in vivo. We have developed a HIV type 1 (HIV-1)-derived vector carrying a class 1 IN mutation (18) , and we have shown that this vector drives efficient transgene expression in dividing and nondividing cells in vitro. These vectors are episomal and retain only a negligible integration capacity. We have estimated that the mutant vectors integrated 500-1,250 times less frequently than the WT vectors. Furthermore, in contrast to previous reports (19) (20) (21) (22) (23) , we have shown that these vectors efficiently drove transgene expression in vivo after intrastriatal injection into mice. Thus, the generation of lentiviral vectors described has great potential to overcome insertional mutagenesis, the main limitation to the clinical application of gene therapy with retroviral vectors.
Results
Design of HIV1-Derived Vectors with a Class I IN Mutation. We used a class 1 IN mutation for the development of a nonintegrative lentiviral vector. This mutation does not prevent reverse transcription, nuclear import of the preintegration complex, or circularization of the viral genome in the cell nucleus (18) . Fig. 2A) . This finding indicates that the selected IN mutation does not affect particle production or transduction process (encapsidation, reverse transcription, and nuclear translocation) or prevent transgene expression from vectors.
With a lower dose (0.5 l) of the mutant vector, we observed 29% of GFP-positive cells, whereas the same volume of the control vector transduced 87% of cells. These results suggest that the mutant vector expresses transgenes less efficiently than the control vector. This hypothesis was confirmed by comparing the p24 and transducing units (TU) titers of various stocks of mutant and WT vectors produced simultaneously (Fig. 2B) . In simultaneous IN WT and IN N vector productions, the TU͞p24 ratio was higher for WT vectors than for mutant vectors by a factor of 4.6-20.4 (mean factor: 9.9 Ϯ 7.3), showing that the WT vector allows a more efficient transgene expression than does the mutant vector in 293T cells.
We then ascertained that the observed fluorescence resulted from de novo transcription rather than from a pseudotransduction mechanism. The 293T cells were transduced with various doses of mutant vector in the presence of 3Ј-azido-3Ј-deoxythymidine (AZT), a reverse-transcriptase inhibitor. AZT treatment resulted in a drastic reduction of GFP expression (data not shown). Thus, the GFP fluorescence observed with the mutant vector was clearly due to genuine transcription from newly formed vector genomes. To confirm that this disappearance of transgene expression results from the dilution of the vector genome through cell division rather than from promoter silencing, we treated the cells with sodium butyrate, an inhibitor of histone deacetylases commonly used to reverse transgene silencing. This treatment, performed 50 days after transduction, did not significantly affect GFP expression level in IN N -transduced cells, because 0.17 Ϯ 0.05% of untreated cells expressed GFP, whereas 0.26 Ϯ 0.10% of the treated cells were GFP positive (Fig. 3) . Promoter silencing is, therefore, unlikely to be responsible for the disappearance of transgene expression.
These results strongly suggest that the IN mutation used in this study prevented integration of the vector genome and allowed the formation of episomes and their efficient transcription.
The Residual Integration Activity of INN Is Lower than That of INWT by
a Factor of 500 -1,250. We precisely evaluated the residual integration activity of the mutant IN by means of an approach based on the expression of a NEO gene, conferring G418 resistance on cells. Proliferative HeLa cells were transduced with various amounts (normalized for p24) of mutant or control vectors expressing the NEO gene and were grown in the presence of G418. Thus, the number of clones formed after several days of selection reflects the frequency of integration events of the proviral vector. Because we could not determine the TU titer of the NEO vectors, stocks were evaluated by RNA dot blot analysis showing that equivalent amounts of p24 corresponded to equivalent numbers of RNA genomes (data not shown), as described for simultaneously produced stocks of lentiviral vectors (24) . Transduced cells were cultured for 3 weeks in the presence of G418, and the number of clones obtained for each dose was determined (Fig. 4) . The minimal dose required for clones to grow with the mutant vector was 0.5 ng of p24 (1 Ϯ 1 clone), whereas the minimal dose required to observe clones with the WT vector was 0.001 ng of p24 (0.7 Ϯ 0.6 clone). With 50 ng of p24 of the mutant vector, we observed 109 Ϯ 12.2 clones. This dose was equivalent to 0.1 ng of p24 of the control vector (115 Ϯ 13.5 clones). The mutant enzyme is, therefore, at least 500 times less efficient at integration than is the WT enzyme. This difference in efficiency was even greater for the higher doses tested, because we could estimate, by extrapolation of the dose-response curve, that the highest dose tested for the mutant vector (196 Ϯ 104.5 clones with 250 ng of p24) was equivalent to 0.2 ng of p24 of the WT vector. At this dose, the mutant vector integrates 1,250 times less frequently than does the WT vector.
Episomal Genomes Allow Stable Transgene Expression in Nondividing
Cells. We investigated the stability of extrachromosomal forms of HIV vector genomes and their ability to drive long-term transgene expression by studying GFP expression in nondividing primary neurons and astrocytes after transduction with equivalent TU amounts of mutant or control vectors. GFP expression was observed for at least 16 days after transduction in neurons, with no evident decrease. Moreover, no significant difference was observed between the percentages of GFP-expressing cells after transduction with the mutant IN N or the control IN WT vectors (Fig. 5A ) at any time point analyzed (two-way repeated measures ANOVA, P ϭ 0.9321), indicating that transgene expression levels were equivalent for control and mutant vectors at the doses used. GFP expression was observed in such cultures for up to 25 days (Fig. 5B) . Similar results were obtained for postmitotic astrocytes in which GFP expression was shown to be stable for 5 weeks (Fig. 5C ). We can, therefore, conclude that the nonintegrative lentiviral vectors developed are stable in vitro in nondividing cells and allow sustained transgene expression for at least 5 weeks.
IN-Mutant Lentiviral Vectors Are Able to Transduce Neural Cells in
Vivo. Control IN WT GFP vector (10 ϫ 10 4 TU) and mutant IN N GFP vector (5 ϫ 10 4 TU) were injected into the mouse brain, and GFP expression was analyzed by immunohistochemistry (Fig. 6) . One week after injection (n ϭ 2) transgene expression with the mutant vector was significant and could be compared with expression from the control vector, according to the difference of doses. GFP expression was observed for 1 month after injection of the nonintegrative vector (n ϭ 2). Levels of expression at this time appeared to be equivalent to those observed 1 week after injection, with both the mutant IN N or control and the control IN WT vectors. Thus, the nonintegrative vector efficiently and stably directed transgene expression in the brain.
Discussion
Safety concerns are the major obstacle to the use of viral vectors for gene therapy in clinical practice. Lentiviral vectors present a promising alternative to the vectors currently used, because they transduce many types of cells efficiently and can be produced in the absence of replication-competent particles. However, their potential to induce insertional mutagenesis continues to limit their clinical use.
In this study, we show that lentiviral vectors containing a class I IN mutation integrate only very poorly into the target cell chromatin and, yet, can transduce cells both in vitro and in vivo.
Gene Expression from Circular Forms of HIV. Although efficient viral replication seems to be associated with integration events, HIV transcription was shown to be supported by circular molecules. Expression of viral proteins, e.g., tat, nef, or reverse transcriptase as well as indicator genes linked to the LTR promoter, have been reported in many assays using virus particles containing class 1 nonpleiotropic IN mutations (13) (14) (15) (16) .
In contrast, lentivirus-derived vectors containing a class I IN mutation have been described in several studies that reported an absence of transgene expression. The first such studies (19) (20) (21) described an HIV-1-derived vector containing a substitution in the catalytic domain of the IN (D64V mutant IN) that transduced only rare cells in vitro and in vivo. These studies concluded that lentiviralvector genome integration was necessary for transgene expression.
Two recent articles described feline immunodeficiency virusderived vectors containing a D66V substitution in the IN sequence (22, 23) IN mutant (13-16) . These discrepancies may be accounted for by the absence of the central flap (cPPT-CTS) in the HIV vectors used. This sequence is now known to be critical for nuclear import of the preintegration complex in lentiviruses and lentivirus-derived vectors (24) (25) (26) . This element is present in the feline immunodeficiency virus vectors, but its implication in nuclear translocation has not yet been precisely described. However, it may not be as efficient as in HIV counterparts, because the cPPT sequence is not a repetition of the PPT (27) . Indeed, both PPT and cPPT sequences have to be similar for efficient HIV nuclear transport (24) . HIV integrative vectors lacking this element express transgenes less efficiently because most of the reversetranscribed genomes are not imported into the nucleus of the transduced cell. Thus, expression from episomal genomes, which is weaker than from integrated proviruses, may not have been detected in these experiments.
We tested this hypothesis by producing IN N lentiviral vectors devoid of the central flap and comparing them with IN N vectors containing the central flap. Although we observed that the absence of the central flap resulted in a decrease in transgene expression by a factor of 2-4 in vitro, GFP expression remained significant in dividing cells. However, it should be noted that the GFP-expression cassette in this experiment was driven by a strong promoter (CMV) and contained the WPRE element that has been shown to increase transgene expression by a factor of Ϸ5 (28, 29) .
We thus conclude that the discrepancy between our results, showing efficient expression from the HIV-1 derived IN N vector, regardless of the cell cycle, and those of studies from other groups can be explained by the optimization of our vectors. This optimization involved (i) incorporation of the flap sequence, (ii) a deleted U3 region in the LTR, shown to improve transgene expression (30, 31) , and͞or (iii) a very strong expression cassette through combination of the CMV promoter and the WPRE sequence (28, 29) . In other words, the absence of one or several of these elements in the vectors used in previous studies may have resulted in a transgene expression under the threshold of detection.
After this manuscript was submitted, a study describing nonintegrative lentiviral vectors was published by Yanez-Munoz et al. (32) . In contrast to the 262 RRK mutated IN vector, this group used a D64V mutated IN. In line with the current study, the D64V vectors exhibit an episomal phenotype, a negligible residual INmediated recombination, and efficient in vivo transduction.
The transduction efficiency of the D64V vector was reported by Yanez-Munoz et al. (32) to be equivalent to the WT integrative vector, whereas the 262 RRK mutant vectors described in this study exhibited lower transduction efficiency. Although further comparison studies are needed, this discrepancy may be explained by a pleiotropic effect of the 262 RRK IN mutation. Indeed, in addition to catalyzing integration reactions, the IN enzyme is involved in various steps of the virus life cycle. Thus, the IN mutation we used may impair transduction efficiency at any step upstream of the recombination (e.g., virion maturation, uncoating, or nuclear import). Residual Integrase Activity. We have shown that IN N vectors retain a very weak integration capacity. Using a NEO-expression cassette, we showed that this activity was weaker than that of similar vectors containing a WT IN by a factor up to Ϸ1,000. This method has the advantage of taking into account integration events that can arise only after extensive cell divisions. IN N vector integration may result from both illegitimate recombination of the linear and circular forms of the vector genomes and͞or residual catalytic activity of the mutant IN. In all retrovirus integration processes, IN-mediated catalysis is characterized by the deletion of two base pairs at the extremities of the LTRs. Thus, if integration is mediated by IN activity, the sequence at the end of the LTR is CA rather than CAGT. We analyzed the extremities of integrated IN N vectors (selected by G418) by the linear amplification-mediated PCR technique [adapted from Schmidt et al. (33) ], and showed that four of five clones had a CA sequence at the extremity, demonstrating that integration resulted from residual activity of the mutated IN (data not shown). However, the possibility that integration also occurs through illegitimate recombination of the circular forms of the vector is not excluded. Moreover, this finding suggests that the residual integration frequency observed could be further reduced, e.g., by alteration of att sequences of the LTR (34).
Potential Use of Episomal Lentiviral Vectors. These newly developed IN N vectors represent a step forward in the clinical application of lentiviral vectors for gene transfer. Because these vectors retain very weak, almost negligible, integration activity, the risk of insertional mutagenesis is almost totally abolished. Moreover, the combined use of a class I mutant IN and deletion of the U3 region (SIN vectors) decreases the risk of activation or deregulation of nearby genes if integration occurs. This may, therefore, ensure safe gene transfer. These vectors can thus be used both for stable transgene expression in nondividing cells and for transient expression in proliferating cells. We recently observed that stable expression over a 6-month period could be obtained in the dog eye after the subretinal injection of an IN mutant vector encoding GFP and could be monitored by angioretinography (S. Bonnel, S.P., C. Vetu, M. Abitbol, J.M., and C. Sarkis, unpublished data). Stable transgene expression in the retina by using a D64V nonintegrative lentiviral vector was also reported by Yanez-Munoz et al. (32) , confirming the ability of episomal forms of HIV genomes to stably drive transgene expression.
Expression from these vectors could be increased, making them more suitable for clinical gene transfer, by incorporating regulatory cis sequences. A few studies have demonstrated the possibility of enhancing transgene expression from an episome by the incorporation of an insulator into the vector genome (35) (36) (37) . In combination with other sequences, such as the APP 5Ј UTR or TH 3Ј UTR, as described for integrative lentiviral vectors (29) , these modifications may result in very strong transgene expression from IN N vectors, if required.
Conclusion
We have developed an IN-mutant lentivirus-derived vector that is nonintegrative and allows the formation of circular episomal genomes in the nucleus of transduced cells. We have shown that these nonintegrated forms are efficiently transcribed by the cellular machinery, consistent with previous reports based on virus observation and in contrast to vector-based studies. However, transgene expression with the mutant vector did not appear to be as efficient as with its WT counterparts. This transgene expression was transient in dividing cells and stable in nondividing cells. We have confirmed an absence of integration and, more importantly, we have demonstrated that these vectors drove transgene expression in the mouse striatum in vivo as efficiently as an integrative vector. This newly developed nonintegrative lentiviral vector retains all of the interesting features of lentiviral vectors but does not present the most important drawback to the clinical application of these vectors: the risk of insertional mutagenesis. Moreover, the IN mutation also increases the safety of this vector by reducing the risk of formation of replication-competent recombinant particles. Because the viruses containing such a mutation are defective for replication (18, 38) , recombinant particles would also be expected to be replication-defective. This generation of lentivirus-derived vectors thus overcomes a major hurdle to gene therapy and offers many application perspectives. It could be used in gene therapy strategies requiring transient transgene expression in dividing cells and in long-term treatments targeting nondividing cells, such as all treatments of CNS diseases. The plasmid pTrip-CMV-GFP-WPRE is derived from the plasmid p⌬500 Trip-CMV min -WPRE described by Vogel et al. (40) . The CMV-GFP fragment was amplified by PCR from the pEGFP N1 (Clontech, Mountain View, CA) with primers modified to add a MluI restriction site in 5Ј of the CMV (5Ј-GGGACGCGTATTA-ATAGTAATCAATTACGG-3Ј) and a SpeI restriction site in 3Ј of the GFP (5Ј-CCCACTAGTTATGGCTGATTATGATCTAGA-3Ј) (restriction sites are italicized). The PCR product was subcloned into the plasmid p⌬500-Trip-CMV min -WPRE in place of the CM-V min fragment by using MluI and SpeI restriction enzymes to generate the plasmid pTrip-CMV-GFP-WPRE.
Methods
The plasmid pTrip-CMV-NEO-WPRE is derived from the plasmid pTrip-CMV-GFP-WPRE. The NEO coding sequence was amplified by PCR from the pCDNA 3.0 (Invitrogen, Carlsbad, CA) with primers modified to add a AflII restriction site in 5Ј (5Ј-GAGGACTTAAGCGCATGATTGAACAAGATGGA-TTGCAC-3Ј) and a EcoRI restriction site in 3Ј (5Ј-CCCAAGA-ATTCCGCTCAGAAGAACTCGTCAAGG-3Ј). This fragment was subcloned into the plasmid pIRES-EGFP (Clontech) in 3Ј of the CMV by using the AflII and EcoRI restriction enzymes. The expression cassette CMV-NEO-IRES-GFP was then subcloned into the pTrip-CMV-GFP-WPRE in place of the GFP coding sequence by using the SnaBI and BsrGI restriction enzymes, generating the pTrip-CMV-NEO-IRES-GFP-WPRE. Finally, because the GFP appeared to be expressed very weakly, the IRES-GFP fragment was removed by using the SpeI restriction sites flanking this region to obtain the plasmid pTrip-CMV-NEO-WPRE.
Cell Lines and Primary Cultures. Human epithelial HeLa and 293T cells were grown in Dulbecco's modified medium supplemented with antibiotics and 10% FCS.
Primary cultures of cortical cells were set up from embryonic day 17 Sprague-Dawley rats (Janvier, Le Genest-St-Isle, France). Female rats were killed by CO 2 asphyxiation, and embryos were removed from the uterine horns. Cortical tissue was dissected and rinsed in PBS supplemented with 0.6% glucose. For astrocyte culture, the PBS-glucose solution was removed and replaced with pyruvate-free DMEM containing 4.5 g͞liter glucose and 0.58 g͞liter L-glutamine supplemented with 10% FBS. The cells were plated and cultured in a humidified incubator at 37°C in a 10% CO 2 ͞90% air atmosphere. For neuron culture, the PBS-glucose solution was replaced with pyruvate-free DMEM containing 4.5 g͞liter glucose and 0.58 g͞liter L-glutamine supplemented with 100 g͞ml transferrin, 25 g͞ml insulin, 10 g͞ml putrescin, 5 ng͞ml sodium selenite, and 6.3 ng͞ml progesterone (all from Sigma, St. Louis, MO). Tissue was mechanically dissociated in the serum-free culture medium, and cells were counted by trypan blue exclusion, plated at a density of 100,000 cells per cm 2 in polyornithine-coated cellculture dishes, and cultured in a humidified incubator at 37°C, in a 5% CO 2 ͞95% air atmosphere. Lentiviral Vectors. Lentiviral vectors were generated by the transient transfection of 293T cells by using the calcium phosphate precipitation method. For all experiments, the IN N vector and the corresponding control IN WT vector were produced simultaneously. Cells were cotransfected with the vector plasmid (pTrip-CMV-GFP, pTrip-CMV-GFP-WPRE, or pTrip-CMV-NEO-WPRE), the transcomplementation plasmid (p8. 91 IN WT or p8.91 IN N ) , and the plasmid encoding the vesicular stomatitis virus envelope glycoprotein (pMD-G). The medium was replaced 12 h after transfection and collected 36 h later. Supernatants were either used directly to transduce cell lines or concentrated. Supernatants were treated with DNase and passed through a filter with 0.45-m pores. Viral particles were then concentrated by ultracentrifugation (90 min, 22,000 rpm, rotor SW28) and resuspended in 0.1 M PBS.
The HIV p24 Gag antigen was quantified for each stock by ELISA (HIV-1 P24 antigen assay; Beckman Coulter, Fullerton, CA) for titration.
In addition, GFP-expressing vectors were titered by transducing 80,000 293T cells in 24-well plates with serial dilution (5 l, 5 ϫ 10 For NEO stocks, RNA genomes were evaluated by dot blot assay. Genomic RNA was extracted from NEO-expressing vectors with the RNeasy Mini kit (Qiagen, Valencia, CA). Serial dilutions of RNA were blotted on a Hybond membrane (Amersham Biosciences, Piscataway, NJ), hybridized with a 32 P-labeled vectorspecific DNA probe and quantified with a PhosphorImager using AIDA 2.43 software. Ϫ1 , 5 ϫ 10 Ϫ2 , 10 Ϫ2 , 5 ϫ 10 Ϫ3 , and 10 Ϫ3 ng of p24). The medium was removed 24 h later and replaced with medium supplemented with 1 mM G418. The medium was replaced every 3 days. Cells were grown until clones developed and were then stained with neutral red and fixed with ethanol. Clones on each flask were counted. We transduced cells in three replicate dishes for each condition, and results are expressed as the mean of three measurements. Stereotactic Injections and Histological Analysis. We sterotactically injected 2 l of IN WT GFP (10 ϫ 10 4 TU) or IN N GFP (5 ϫ 10 4 TU) into the brain of C3H adult mice (Janvier). Injections were performed in two subsites for each vector (from bregma: anteriority, ϩ0.5; laterality, Ϯ1.6; ventrality, Ϫ3.5͞Ϫ4). Animals were anesthetized with pentobarbital and intracardially perfused with 4% PFA 1 week and 4 weeks after inoculation. Brains were removed, cryopreserved in 15% sucrose, and frozen in cold isopentane. Immunohistochemical analysis was performed on 20-m cryostat sections by using a rabbit polyclonal primary antibody (1:3,000; Abcam). Primary antibodies were detected with biotinylated goat anti-rabbit secondary antibody coupled with an avidin-biotin amplification system (Vectastain ABC kit) and the VIP kit from Vector Laboratories (Burlingame, CA). All animals were maintained and treated according to the European Community guidelines.
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